This documentation has been prepared to support the spreadsheet-based model constructed to calculate energy, emissions, and cost savings achieved by using combined cooling, heating, and electric power (CCHP) at food processing Plant #1 located in Portland, Oregon. Because of a confidentiality agreement with the Northwest Food Processors Association (NWFPA), this plant is not identified specifically.
Summary
This documentation has been prepared to support the spreadsheet-based model constructed to calculate energy, emissions, and cost savings achieved by using combined cooling, heating, and electric power (CCHP) at food processing Plant #1 located in Portland, Oregon. Because of a confidentiality agreement with the Northwest Food Processors Association (NWFPA), this plant is not identified specifically.
This documentation includes the following:
1. an overview of the plant, including: "Non-wires" solutions Non-wires solutions comprise a broad array of alternatives to delay or eliminate the need for upgrades to the transmission system, including demand response, distributed generation, energy efficiency measures, generation siting, and pricing strategies. 
Project Objectives
The Pacific Northwest National Laboratory (PNNL) has launched a project funded by the Bonneville Power Administration (BPA) to identify strategies for increasing industrial energy efficiency and reducing energy costs associated with the Northwest Food Processors Association (NWFPA) industrial plants through deployment of novel combinations and designs of variable-output combined heat and power (CHP) distributed generation (DG), combined cooling, heating and electric power (CCHP) DG and energy storage systems (ESS). CHP DG systems can provide electricity and heat to buildings and industrial processes while significantly reducing energy consumption and emissions. CCHP DG systems can convert unused heat from the DG system into cooling/refrigeration with an absorption heat pump. Additional benefits from such systems include a reduction in the risk of electric grid disruptions, enhancement of energy reliability, reduction in loss of product caused by electric grid disruptions and the cost of insurance for such product loss.
In this project, detailed evaluations and recommendations of CHP and CCHP DG systems will be performed for several Northwest (NW) food processing sites. The objective of this project is to support the goals of the memorandum of understanding between BPA, NWFPA, U.S. Department of Energy (DOE), and DOE National Laboratories -PNNL and Idaho National Laboratory (INL), which are to reduce the overall energy use intensity of NW food processors by 25% by 2020 and by 50% by 2030, as well as reducing emissions and understanding potential congestion reduction impacts on the transmission system in the Pacific Northwest. This includes identifying the most viable and effective opportunities for energy efficiency in the food processing industry. This project also addresses BPA's need for "non-wires" solutions and the associated benefits (ref. BPA 2012) . BPA is the primary owner and operator of electricity transmission systems in the Pacific Northwest. BPA started investigating non-wires solutions activities in 2001 and has been supporting them since then as an alternative to large construction projects to expand transmission lines. Penetration of DG is among non-wires solutions considered by BPA to address load growth and congestion on the transmission system.
In Figure 1 , a quote from Elliot Mainzer 1 is documented to highlight the necessity for demand response and energy storage systems for the utility providers.
The target audience for this project includes any stakeholders that have the potential to take advantage of CCHP systems and on-site generation. 
Plant Selection Process
There are one hundred and forty NWFPA members and over five hundred and fifty food processors in the Pacific Northwest. One hundred thirty NWFPA plants were identified as potential candidate plants to study the feasibility of integrating CCHP systems. These were down-selected to select the plant for this study. Specific steps are described below. a. Relative cut plane location was identified.
b. Geographic Information System maps for the region that include information on the flow gatesareas showing less than 1 megawatt (MW), 1-5 MW, 5 MW+ were examined.
4. Eight sites were down-selected:
a. The electricity and natural gas data for 2011 was used to identify the plants with highest energy use; 40 sites with highest annual electricity use for 2011 were selected ( Figure 2 and Figure 3 ).
b. Plants that receive steam or hot water from a utility provider were not selected because the payback from installing a CHP system would be higher for facilities not already using such centralized systems.
c. Monthly electric and gas use data for 2011 for the remaining plants was examined and was found to fall into three categories -seasonal, constant low (relative to other plants), and constant high (relative to other plants) with reduced energy use in July (for constant high plants) (Figure 4 and Figure 5 ).
d. Plants with high seasonal energy use are not good candidates for CHP and were therefore not selected.
e. Of the remaining plants, four were selected in the constant high category, three were selected in the constant low category, and one was between high and low.
f. The facility designated in this report as Plant #1 was selected to be the first plant to be studied. Plant #1 is a dairy processing plant producing a variety of liquid milk products with different flavors and fat percent levels. The generic process diagram for ultra-high temperature fluid milk processing is shown in Figure 6 . 
Plant Energy Demand
Analysis of plant energy use data indicates that there is a coincident demand for electricity and natural gas as seen in Figures 7 and 10 . In addition, the electric demand over the year is relatively constant with use for each month being between 7.1% and 9.2% of the annual total, and natural gas demand being between 6.5% and 9.2% of the annual total as seen in Figure 7 and Figure 10 . Histograms for 2012 electricity and natural gas purchased from the utilities are shown in Figure 8 and Figure 11 . A breakdown of the plant electrical load by type of use is shown in Figure 9 . Figure 12 and Figure 13 show comparisons of the electricity and natural gas to be purchased from the utility to operate the plant before and after the integration of a 1.1 MW CCHP system. The peak electricity demand is reduced by a factor of five (2.50 MW to 0.53 MW) assuming that the electric refrigeration system is replaced by an engine-exhaust-heat driven absorption heat pump. There is an overall increase of 34% in the natural gas to be purchased from the utility to operate the CCHP system. Figure 13. Monthly natural gas demand before and after (estimated) 1.1 MW CCHP integration. Annual total before CCHP was190,569 MMBtu; after, 254,589 MMBtu, an increase of 34%. Figure 14 and Figure 15 provide histograms for electricity and natural gas to be purchased from the utility after the integration of a CCHP system. Over the course of a year 53% of the time no electricity needs to be purchased from utility and 25% of the time less than 100 kW is required to be purchased from the utility. With CCHP, the natural gas demand is between 26 and 34 MMBtu 82% of the time. Figure 17 show the utility costs for the plant in 2012 and utility costs estimated after application of a 1.1 MW CCHP system. The reduction of electrical demand is expected to result in a backup charge for the plant, which has not been factored into costs calculated in this study. In addition, it is assumed that the costs for the CCHP system are paid up front with no financing costs. In 2012, the electricity cost was $1.33 million and natural gas cost $857K. With the 1.1 MW CCHP system, the cost of electricity to be purchased from the utility is estimated to be $39K, the cost of natural gas is estimated to be $765K, and the cost of CCHP generation (operation, maintenance, and fuel) is estimated to be $676K. Total utility cost before CCHP is $2.19 million; after CCHP integration it is estimated to be $1.48 million. Figure 18 shows total cost of fuel before and after CCHP. 
Power Quality Information
Power quality (even subcycle) necessitates the installation of ESS. This plant was monitored for power quality and reliability events for 18 months from January 2012 to June 2013. A total of 39 significant power quality and power reliability events were recorded during this time period. Results of the monitoring show events occur randomly during the year and over the course of a day (period of 24 hours). This suggests the need for an active backup power generator and/or ESS that can support the plant during power system failures or power quality issues. However, data shows that the number of events is higher in the months from April to June and also in the month of October. Figure 19 and Figure  20 below show how these events are distributed during one day and the hours of the day that have a higher chance of outages. An estimated cost for the outages, assuming $15,000 per incident as reported by the plant, is shown in Figure 21 . A discussion of how consideration of integrating ESS can reduce or almost eliminate costs resulting from outages shown in Figure 15 above is presented in Section 6.3. 
Current Cost of Energy

Utility
The plant is located in the Portland area shown in Figure 22 . In Figure 23 , regional potential for megawatts of production versus cut planes is shown. 
Utility Charges and Tariffs
The local utility serving the plant serves 3026 industrial plants and provides power at an average rate of $0.07129/kWh. The rate at the plant is $0.085/kWh. Details of utility charges for Plant #1 are shown in Table 2 . Table 2 . Utility charges at the rate applicable to each large nonresidential customer whose demand has exceeded 1,000 kW at least twice within the preceding 13 months.
Monthly Cost of Electricity for the Utility to Serve the Plant
2014 is expected to be a lower than average water year for power generation in the Pacific Northwest due to reduced snowpack. Given the high percentage of hydro power generation in the NW, the cost of electricity for the region is expected to increase. Figure 24 shows Mid-Columbia daily weighted average electricity prices in 2012 (Federal Energy Regulatory Commission) and a prediction of weighted average prices considering a 300% increase during high peak months (July and August) and a 250% increase during the rest of the year. Based on the daily mid-Columbia weighted average prices shown in Figure  24 , Figure 25 shows the monthly cost of electricity for the utility to serve the plant during 2012 and projects for 2014. 
Benefits of Integrated CCHP for the Utility
The average efficiency of power generation in the United States is 34% 3 . This means that two-thirds of the energy in the fuel is lost-vented as heat-at most power plants in the United States. In addition to heat losses, about 7% 4 of the electricity generated by central plant power stations is lost before it reaches an end user as a result of losses in the transmission and distribution (T&D) system. An alternative to this approach is to generate electricity at or near the customer load centers to avoid line losses and use the heat energy resulting from the electricity generation, e.g. implementing CCHP on the utility side of the meter "close" to the plant.
By using waste heat recovery technology to capture a significant proportion of this wasted heat, CHP systems typically achieve total system efficiencies of 65% to 75% 5 , compared to only 45% 6 for producing electricity and thermal energy separately.
As an example, in data centers where the thermal load is almost entirely cooling rather than heating, CHP can still provide an overall efficiency advantage. The waste heat from the generator is used in absorption chillers to produce cooling, which displaces electricity-powered chillers rather than displacing direct fuel purchases for heating. Therefore, the total electricity provided and displaced by a combined cooling and power system can be up to 135% 6 of the on-site generator capacity.
Historic and Current Cost of Energy Purchased by Plant #1
In this section, the historic cost of electricity for the plant is detailed in Table 3 , Figure 26 and Figure  27 show the monthly costs of electricity and natural gas for the plant in 2012. 2012 Monthly Plant Natural Gas Cost (assuming 4.5 $/million Btu)
Modeling Approach
To enable an accurate estimation, a modeling framework was defined to effectively select and size a CCHP system that maximizes the economic and environmental benefits of integrating CCHP into food processing plants. Models were constructed in spreadsheet to maximize the flexibility needed for detailed data-driven modeling and analysis of behavior of less known/emerging systems such as CCHP. This provided a basis to create a system-specific modeling and simulation engine for commercialization.
The modeling approach enabled us to effectively use actual measured time-series energy use data available from the plant and successfully analyze data needed for system selection, sizing, and calculations of energy, savings, and emissions. The flexibility afforded by the spreadsheet modeling provided the ability to estimate the benefits of integrating a CCHP system with potential future electric rate increases. The framework of the modeling approach used is illustrated in Figure 30 and Figure 31 .
The steps involved in this modeling can be listed as follows:
1. The measured data for fuel (gas and electricity) used in the plant was processed.
2. The peak, base, and average heating and cooling demands of the plant were calculated to find and match CCHP energy output with the plant demand.
3. Based on the ratio of electricity demand to heat demand as well as the operation and maintenance cost, the type of prime mover was selected: internal combustion engine/microturbine or fuel cell.
4. An absorption heat pump (AHP) was selected such that it provides the capacity and chilled water temperature needed.
Energy use, cost and emissions were calculated.
Installation criteria for integrating the CCHP supply with the plant system configuration were considered, including integration of the AHP with an ammonia refrigeration system. The physical location for installing the system was considered such that it would be near both steam and refrigerant lines to connect the new refrigerant source from the AHP. 
CCHP Equipment Selection and Sizing
Prime Mover Systems Considered
The prime mover in CCHP uses natural gas to produce electricity on site, and the exhaust heat from the engine as well as cooling jacket water heat is recovered to generate steam, hot water, and refrigeration for use at the plant. Prime movers based on internal combustion engines are considered as documented in Table 4 . In this study, specifications for internal combustion engines from the MTU TM,7 brand are considered. However, specifications from other brands such as Caterpillar TM and Cummins TM may also be considered in the future. The initial cost and maintenance complexity of fuel cells and microturbines compared to prime movers based on internal combustion engines reduced their feasibility for consideration in this application. 
Absorption Heat Pump Technology
Absorption heat pumps are thermally powered engines used to provide both heating and cooling. These systems can simultaneously deliver hot water (150°F) and chilled fluid (20 to 45°F). Lower temperature refrigeration can also be delivered that provides for a temperature as low as minus 40°F when combined with a cooling tower or air cooling. The heat source can be steam, exhaust (e.g., from an engine, boiler, or turbine), solar hot water, geothermal hot water, or engine jacket water; the water temperature must be higher than 250°F for heat-pumped hot water and 180°F for refrigeration. Heat sources with higher temperatures are required to provide refrigeration below minus 40°F. Table 5 shows a summary of different types of AHPs.
For each Btu/hr of heat supplied, an AHP can deliver 1.6 Btu/hr of hot water and 0.6 Btu/hr of refrigeration capacity, with a net COP of 2.2. 
Energy Storage System
Integration of an energy storage system (ESS) should be considered to ensure that power quality is appropriately addressed. Without an efficient and reliable ESS, the CHP generator needs to be oversized to ensure the reliability of the system and to enable the load to be met at all times, especially during periods of high demand. However, because CHP systems run continuously throughout the day, they result in excess electricity being generated during hours when demand is low. Excess generation then is either wasted or necessitates consideration of putting it back into the grid. This results in lower efficiency of the system than necessary. By adding energy storage, energy can be stored during hours of low demand and be supplied when demand is high. This eliminates the need to purchase electricity from the grid during hours of high demand or as noted above having to address grid interconnection issues. By adding energy storage, the following goals can be achieved:
1. The CHP generator can be downsized, which results in: a. reduction in the cost of fuel for CHP b. decrease in the capital cost of CHP system c. reduction in emissions 2. The number of power outages is reduced by providing a more reliable power supply.
3. The system provides reliable "just-in-time" energy delivery.
4. Operating efficiency is improved.
Insurance costs associated with product losses are reduced.
A system such as S&C Electric Company's PureWave Uninterruptible Power Supply (UPS) System (Figure 32 ) offers an alternative solution to distributed low-power uninterruptible power supplies. A PureWave system of size 250 kW costs about $160,000 plus installation cost. This system is capable of delivering recovery power in 2 to 4 milliseconds. The PureWave UPS system offers a high efficiency of 98.5%. A PureWave UPS system can be installed outdoors, which eliminates additional costs and safety considerations associated with interior ESS applications. Figure 32 . PureWave UPS system installed at a continuous process manufacturing plant
The maximum power that needs to be purchased from the utility with the CCHP system integrated is about 500 kW; it is assumed that one 250 kW UPS system will support the critical loads. Such UPS systems provide the advantage of being able to add additional storage capacity with minimal installation costs.
CCHP Equipment Selection and Sizing
A summary of assumptions and results for energy and costs from sizing calculations are shown in Table 6, Table 7, Table 8, Table 9, and Table 10 . 7.0 Feasibility Analysis
Energy Assessment
Selecting CHP system model MTU GB 1149 (1.1 MW capacity) requires 442 MWh of electricity to be purchased from the utility, while selecting CHP system model MTU GB 1941 (1.9 MW capacity) fully supports the plant electrical demand. Figure 33 illustrates electricity demand from the plant, the amount supplied by CCHP, and the amount of electricity that needs to be purchased from the utility when GB 1149 (1.1 MW capacity) is selected (Table 11 ). Figure 34 and Table 12 shows gas demand with CCHP. Figure 33 . Plant electrical demand supplied by CCHP, amount not used, and amount to be purchased from utility when Model GB 1149 is chosen Figure 34. Thermal energy supplied by the CCHP and amount to be purchased from the utility when Model GB 1149 is chosen 
Economic Assessment
Net savings are calculated in Table 3 below. Outages are considered at a cost of $15,000 per incident as reported by engineers at the plant. Results indicate that CHP system model MTU GB 1149 provides maximum net savings with and without considering cost of outages. It should be noted that from Table 7 this unit can supply the plant's entire electrical demand 53% of the time. In addition, Table 7 shows that this unit does not provide 4.5% of the electricity required by the plant. However here in Table 13 , we are assuming the CCHP unit can still supply all critical equipment electricity demand during power outages. 
Environmental Assessment
Fuels used in the Northwest for power generation (Figure 35 ) are used to calculate the amount of emissions generated to supply Plant #1. Emissions are calculated using amounts of emissions for electricity generation from the Environmental Protection Agency (EPA) 8 and tabulated in Table 4 . Fractions of fuel used by Portland General Electric (PGE) to supply electricity needs of its consumers are different from those for the fuel used in the entire Northwest. Figure 36 shows PGE's 2012 resource mix. Using the resource mix shown in Figure 36 , the amount of emissions generated to supply electrical demand for Plant #1 is calculated as shown in Table 5 . The amount of emissions produced by losses in T&D lines can be calculated assuming it can be quantified using the amount of electricity rejected. However, these are not considered in this calculation, but it should be noted that rejected energy in electricity generation in the Northwest is close to 63% of total electricity generated in the region (this includes losses as a result of low efficiency of generators). By taking into account the losses in T&D lines, the figures shown in Table will increase.
Amounts of emissions per unit of electricity are available from EPA: 10 nitrogen oxides generate 0.0751 lbs/MWh, carbon dioxide generates 1056 lbs/MWh, and sulfur oxides generate 0.0376 lbs/MWh of emissions. If it is assumed that the plant's entire electrical demand is supplied by natural gas CCHP, then emissions after CCHP integration will be as shown in Table 6 . The CO 2 is increased because of the high ratio of hydro power in the Northwest region (hidden in Figure 36 , since breakdown of long-term market contracts and market purchases are not specified). Yet, if we assume PGE is purchasing their extra power needs (under market purchases and market contracts) from other resources in the Northwest, then we can use the values shown in Table to recalculate emissions (assuming 47% of power has the same distribution of fuel as shown in Table as 'Ratios of fuel used in NW'. Doing that will reduce carbon dioxide emissions after CCHP integrations to a 48.19% increase instead of the 94.25% currently shown.
Conclusion
Results from the energy and economic assessment indicate that CHP system model MTU GB 1149 N6 with a capacity of 1,149 kW is the system that maximizes benefits for the plant. This system has a capital cost of $2,013,137 and is expected to yield annual savings of $1,130,514 (including savings from costs of outages for the plant). Longer term savings can be observed with the assumption that natural gas prices do not increase. However, the benefits of integrated CCHP are not limited to energy and economic savings. Reduction in emissions is another strong motive to invest in CCHP. It is not easy to quantify or monetize the impact of implementing CCHP in terms of emissions; however, in the case of Plant #1, calculations showed that reduction in emissions was noteworthy.
To enhance power reliability, the plant management can consider investing in an ESS. One 250 kW system costs around $160,000 (plus installation costs) and can support the plant electricity demand that needs to be protected from power outages. Considering the cost of storage, the simple payback would still be less than two years.
11 Given that with the proposed 1.1 MW CCHP system the maximum electric demand from the utility is estimated to be 500 kW, integrating two 250 kW systems will allow a more sophisticated system that has the potential to reduce electricity demand peaks. However, analyzing such a system is beyond the scope of this current study.
Penetration of DG is among non-wires solutions considered by BPA to address load growth and congestion on the transmission system. This solution will help maintain power reliability for food processing plants. In the case of Plant 1, integration of 1.1 MW CCHP results in shifting 9,271 MWh of electricity off the grid and thereby reducing congestion on the transmission system. During peak time (which is an annual peak rather than a daily peak), the plant still needs to purchase about 400-550 kW from the grid 0.16% of the year; a fraction of the electricity needed by the plant during the peak time. In 2012, this was 30% of the electricity needed at the highest peak.
The highest probability of the benefits being realized is in end-of-life equipment replacement or retrofits, until BPA customers' loads recover and drive Tier 2 rate risk or have the need to reduce demand charges coincident with BPA peak (end use vs. distribution utility vs. BPA demand peak).
